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I INTRODUCTION 
The brilliantly glowing nose cone successfully resisting the effects of 
aerodynamic heating while re-entering the earth's atmosphere is proof that 
thermal protection systems can be developed to meet conditions which only a few 
years ago were beyond technological feasibility - Less spectacular, but of equal 
-- importance to the continued progress of space exploration, is &e development 
of thermal protection systems for  cryogenic fuels, in particuiar liquid hydro- 
gen, to meet the demands of a wide spectrum of space missions_ll The diffi- 
culties that impede thermal protection development and application have only 
i-ecently been fully appreciated after it has been demonstrated that thermal 
insulations and application techniques cannot be relegated to the category of 
engineering design details 
In fact, thermal protection systems adequate to meet the demands of 
fuel conservation for  space missions which may extend beyond a few days dura- 
tion are not within the present state of the art. The development efforts re- 
quired before liquid hydrogen tanks can be adequately insulated to permit space 
vehicles to explore the regions beyond the vicinity of the earth appear to be at 
least equivalent to efforts already expended on the development of nose-cone 
materials.  
,- 
The following discussion deals withithe requirements of thermal 
protection systems subjected to ground and space environments; typical 
materials either presently available o r  under development; the influence of the 
physical variables governing the thermal properties of those materials and the 
apparatus required for their measurement; possible improvements in thermal 
protection systems; and design considerations for  thermal protection systems, 
dictated by production, handling, and test requirements. 
L 
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11. ENVIRONMENTS AFFECTING THERMAL PROTECTION SYSTEMS 
From the time a thermal protection system is assembled in the pro-  
duction plant to the successful completion of i ts  mission, it will have been 
exposed to a number of environmental interactions which need to be recognized 
and considered in the various design approaches and performance expectations 
A. THERMAL INTERACTION 
A thermal protection system has to be designed to reduce the boil-off 
ra te  caused by heat sources external to the vehicle and by heat sources on- 
board. Among the external heat sources are the thermal conditions existing on 
the ground pr ior  to flight, the aerodynamic heating encountered during boost, 
and the various radiation heat inputs, such as direct solar radiation and planet 
shine. On-board heat sources consist of radiative inputs from other portions of 
the vehicle and heat leaks to the propellant tank from supports, pipes and other 
structural  members 
B IONIZING RADIATION INTERACTIONS 
The ionizing radiation existing in a space environment may affect the 
performance of thermal protection system materials, particularly those of 
organic origin - 
C.  METEOROID INTERACTIONS 
Destructive effects due to meteoroids of high kinetic energy can 
markedly reduce the reliability of thermal protection systems unless suitable 
bumpers to mitigate these effects are  employed. 
D, MECHANICAL INTERACTIONS 
The handling and transportation of the insulated tanks pr ior  to firing 
may place severe restrictions on the design of thermal protection systems so  
as not to decrease reliability and not to increase the complexity of maintenance 
procedures % It is in this area that increased communication between designers 
and producers is required so that designers may take into account human e r r o r s  
which could result in damage to the thermal protection system. 
2 r  thur B.Xit tIe, 3nt. 
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B' 
t 111. SELECTION OF MATERIALS FOR THERMAL PROTECTION SYSTEMS 
For  liquid-hydrogen -fueled vehicles, a thermal protection system is 
absolutely essential. However, considerable choice can be exercised in the 
combination and selection of materials for a system based on meeting the condi- 
tions imposed by the above environment. The thermal performance, thickness, 
and weight of insulation materials have to be optimized to accomplish a 
specific mission so as to minimize weight penalties. 
Fo r  example, weight penalties can be associated with different 
methods for preserving a cryogenic fuel depending on whether vented flyrage 
or non-vented storage, with or  without a refrigerator, is being used. 
1 illustrates the effect of these different methods on the thickness of high 
efficiency insulation required for a given stay-time in space for liquid hydro- 
gen tanks of different diameters.  Although refrigeration can be seen to greatly 
reduce the thickness requirement, thereby leading to a several -fold reduction 
in weight penalties for extended stay times, a finite insulation thickness is still 
essential- 
Figure 
Figure 2 compares the thermal conductivity of insulating materials 
applicable to thermal protection systems. Although there is nearly a three- 
order-of -magnitude difference in the insulating effectiveness of these various 
materials, their strength properties, temperature capabilities, and applica - 
tion feasibility also have to be considered in applying tnese materials to a ther- 
mal protection system e 
The following review presents the salient characteristics of thermal 
insulators which are of particular interest in a thermal protection system for 
liquid hydrogen tanks 
A.  FOAMS 
Great strides have been made in the development of various types of 
foamed organic plastics using either fluorinated hydrocarbons o r  carbon dioxide 
as expa'nding agents 
perature and the effect of foam structure on thermal conductivity are useful 
cr i ter ia  of the insulating effectiveness of foams(2). Figure 3 shows t h e  depend- 
ence of thermal conductivity on temperature for a Freon expanded foam of two 
Ib/cu. f t .  density. The non-linearity in this dependence appears to be due to 
increased heat transfer by convection currents resulting from re- boiling of 
condensed Freon and the saturation of the foam-cell  surfaces with liquid Freon 
resulting in increased heat transfer by conduction Furthermore, the  addition 
of heat to the warmer side of the foam cell may cause a mass transfer of 
The thermal conductivity of foams as a function of tem- 
2rthur D.XittIo.Dnc. 
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saturated Freon vapor to the cold side with subsequent release of latent heat. 
This behavior will be of particular interest when the foam is to be used in com- 
bination with other thermal insulators 
Figure 4 illustrates the effect of foam cell size on thermal conductivity 
and indicates that the smaller the cell diameter the greater the resistance of 
heat flow because of the increased heat flowpaths p e r  unit thickness. 
Foam insulation becomes a partially evacuated insulation when it is 
exposed to liquid hydrogen, because of cryopumping effects. Thus precautions 
have to be taken to assure  that gas-tight bar r ie rs  are provided to stop the 
penetration of moisture and air into the insulation, which would result in a 
marked increase in thermal conductivity and the possible disruption of the cells 
if surface temperature suddenly increased 
B, POWDERS AND FIBERS 
Powder and fiber insulations have a low thermal conductivity when 
gases have been removed from the void spaces.  As. far back as 1910, it was 
recognized that thermal insulators far more effective than air could be obtained 
when finely divided materials were subjected to a vacuum.(3) Although re- 
markable improvements are obtained by the removal of gas, other heat transfer 
mechanisms must be minimized. Heat flow through an evacuated insulating 
material can be attributed to the simultaneous operation of several  different 
mechanisms: 
(1) Solid conduction through the materials making up the insula- 
tion and conduction between the particles across  areas of 
contact; 
(2) Residual gas conduction in spaces between the particles; 
(3) Radiation across  the spaces between and through the particles.  
Solid conduction can be reduced by breaking up the conduction paths 
through the use of finely divided materials so that resistances to heat flow are 
formed at the surface of each particle o r  f iber.  To maintain these devious 
heat flow paths, the contact a reas  between the individual particles must be 
reduced to point contacts 
on the material and depend upon the amount of deformation at such point con- 
tacts 
influence the area of contact as well as the resistance per  unit thickness of 
enough so that gas conduction can be greatly reduced at reasonably h w  pres- 
sures .  Therefore, powders with a range of particle s izes  are desirable so 
These resistances are a function of the load imposed 
The particle s ize  of a specific powder o r  the diameter of the fiber will 
4 n I I I U U I U L L V L A .  1 1 0 ti nn It is also desirable that the void spaces between particles be small  
Br thur D.%t tIe,3nt. 
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that large voids are filled by smaller particles and small voids, in turn, still 
smal ler  particles.  Submicron fibers with parallel orientation tend t o  exhibit 
an increased insulating effectiveness 
Evacuated insulating materials require that most of the gas be re- 
moved to obtain the desired insulating effectiveness; the degree of vacuum 
necessary to achieve this is of great practical importance. The mechanism 
by which heat flows by means of gas conduction between the particles can be 
explained on the basis of the kinetic theory of gases. The effect of gas con- 
duction can be divided into two separate regions: 
(1) The region ranging from atmospheric pressure down to a few 
millimeters of mercury in which gas conduction is independent 
of pressure .  
(2) A region at pressures  below a few millimeters of mercury in 
which gas conduction depends on pressure 
The transition from one type of conduction to the other depends 
upon the mean diameter of the powder o r  fiber, the arrangement of individual 
particles, and the pressure required t o  obtain a specific mean-free path. 
When the mean-free path of the gas molecules is greater  than the distance 
between the indimdual particles, then the pressure -dependent region is ob- 
tained. The thermal conductivity of the gas  at that point decreases substan- 
tially until a lower limit is obtained at a pressure when most of the gas 
molecules have been removed. The larger  the particle spacing, the lower 
the pressure  required for  the thermal conductivity to approach its limiting 
value. At this lower limit, the thermal conductivity st i l l  has a finite value 
because heat can be transferred by radiation, by solid conduction within and 
through the particles, and by residual gas conduction The effect of residual - 
helium o r  nitrogen gas on thermal conductivity of perlite is shown in Figure 
5 J 4 )  
Fine powders and sub--micron diameter fibers exhibit a very low 
solid conductivity, but they are relatively transparent to radiation 
radiation heat-transfer component in powders can be reduced by the addi- 
tion of absorbing and scattering media, such as metallic flakes o r  carbon 
powder.(’) Figure 6 shows the effect of the addition of aluminum flakes on 
thermal conductivity (6? The addition of larger amounts of opacifiers tends 
to increase solid conduction so that there is a limit to the improvement that 
can be obtained by this technique. 
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C e MULTILAYER INSULATION 
The work on multilayer insulations carr ied out by Peterson (7) d the 
resulted in an insulating effectiveness substantially better than that achieved by 
evacuated powders and fibers In this type of insulation the principles already 
used in the improvement of evacuated insulation were carried to their logical 
conclusion by the recognition of the importance of radiation heat transfer once 
the mechanisms of gas conduction and solid conduction have been reduced. 
Ideally in this insulation radiation shields of the highest reflectivity are sepa- 
rated by nearly non-conducting spacers in a high vacuum. The te rm super- 
insulation has been applied to this insulation system to signify the importance 
of this technological advance Table I lists typical multilayer insulations now 
under consideration 
further improvements carried out by researchers  in this country (8 )(9)( "Yhave 
TABLE I 
TYPICAL RADIATION SHIELD AND SPACER MATERIAL 
COMBINATIONS FOR MULTILAYER INSULATIONS 
RADIATION SHIELD SPACER 
0.00025 inch crinkled Mylar, aluminized 
one side.  One to two ohms per  cm2 
National Research Corporation 
0 -0005 inch Aluminum Foil 
Alcoa 
0.0005 inch Aluminum Foil 
Alcoa 
0 00025 inch crinkled aluminized 
Mylar 
National Research Corporation 
0.002 inch Aluminum Foil 
Alcoa 
2 3 gm/ft fiberglass 
Libby Owens Ford 
0.004 inch Dexter Paper 
0.004 inch Dexter Paper 
50% perforations 
0 -022 inch thick resin covered 
fiberglass netting with 1/8" x 
1/8" mesh 
13 
The successful application of multilayer insulations to the solution 
of cryogenic storage and transportation problems of large cryogenic tanks on 
ear th  points to  the promising solution of the problem of thermal protection of 
liquid hydrogen during long periods of space travel. However, before multi- 
layer insulations can be incorporated in a thermal protection system, a number 
of basic problems will have to  be solved. An indication that this task is indeed 
of greater magnitude than had been at first realized when these high efficiency 
insulations became generally available i s  the fact that, a t  present, no space 
vehicle of major size is using such a system. 
%r thur &Zit tle,Bnt. 
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IV. THERMAL CONDUCTIVITY MEASUREMENTS 
As part  of the work which has been undertaken by Arthur D. Little, 
Inc., to investigate liquid propellant losses in space(ll) ,  a number of the 
variables which influence the performance of multi -layer insulation under 
projected use conditions are being investigated 
The variables influencing insulation performance which are of 
particular interest are the following: (1) temperature, (2) gas pressure,  
(3) outgassing, (4) mechanical pressure, ( 5 )  emittance, and (6) the effects of 
thermal shorts and discontinuities 
To permit experimental measurement of the influence of these 
variables, a suitable thermal conductivity apparatus had to be constructed 
Several basic designs for  thermal conductivity apparatus have been used for  
investigations of specific variables (12) None of them is standard and capable 
of meeting all the required test conditions for  the measurement of the above 
variables 
shape of the sample test chamber as spherical, cylindrical, o r  flat plate. 
The designs presently in use can be classified according to the 
A SPHERICAL APPARATUS 
Figure 7 shows a spherical thermal conductivity apparatus consist- 
ing of an inner sphere filled with a cryogenic liquid and an outer sphere kept 
at a desired temperature by means of an electrical heater o r  a constant 
temperature bath. The test  sample is placed between the two spheres.  The 
boil-off rate of the cryogenic liquid is an indication of the heat flow through 
the material .  A variation of this type of apparatus has an electrical heater 
installed inside the inner sphere while the outer sphere is placed into a 
cryogenic liquid. The heat input to the heater is used in the calculation of 
thermal conductivity 
This type of apparatus is simple to construct and it eliminates edge 
effects. However, it is difficult to produce a spherically shaped sample, 
except for  loose-fill materials; the density of the specimen cannot be easily 
controlled; only one sample s ize  can be tested; it is difficult to apply mechani- 
cal pressure  to the sample; and the heat leak along the neck of the inner sphere 
cannot be easily estimated. 
15 
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B. CYLINDRICAL APPARATUS 
Figure 8 shows a cylindrical thermal conductivity apparatus(8). It 
consists of a measuring vessel provided with end guard vessels 
guard vessel reduces the heat loss through the neck of the measuring vessel.  
All three vessels are filled with the same cryogenic liquid. The outer jacket 
can be kept at a uniform temperature by an electrical heater o r  a constant 
temperature bath The boil-off ra te  of the cryogenic liquid from the measur- 
ing vessel is an indication of the heat flow through the sample. 
The upper 
This apparatus has bee ed fo r  the testing of powders, foams, 
fibers and multi-layer insulationJ1”; it cannot be easily adapted to measure 
the influence of thermal conductivity changes caused by mechanical pressure 
on the sample; and the thickness of the sample cannot be accurately controlled. 
C. FLAT PLATE APPARATUS 
The flat plate thermal conductivity apparatus consists of hot and cold 
plates between which a sample can be inserted, This type of apparatus ap- 
proaches closest to the ASTM guarded hot plate apparatus(14) in concept and 
has been shown to be versatile and useful in a number of investigations 
following variations of the apparatus a re  in use: 
The 
1 Guarded Hot Plate 
The guarded hot plate apparatus shown in Figure 9 consists of an 
electrically heated hot plate placed inside a ring shaped guard heater (15) Two 
test specimens are placed on each side of the hot plate, The complete assembly 
is enclosed in a container which can be evacuated and is then immersed in a 
constant temperature bath. This apparatus permits the measurement of ther- 
mal conductivity over an easily adjustable range of temperature. However, the 
physical environment of the sample tends to be harder to control. This appara- 
tus has been particularly useful in the measurement of the thermal conductivity 
of foams. 
A variation of this t pe of apparatus is the single guarded hot plate 
Only one sample needs to be installed be- apparatus shown in Fi@re 
tween the hot plate and the single cold plate. The temperature of the guard ring 
has to be kept equal to that of the measuring hot plate to prevent heat transfer 
between guard and measuring plate, otherwise e r r o r s  due to the departure from 
one dimensional heat flow may be introduced. This problem tends to be 
accentuated when materials of high insulating effectiveness are used, although it 
can be overcome by sensitive heater controls 
(Br thur B.Xit tIe, %nt. 
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2.  Guarded Cold Plate 
Figure 11 shows a single-guarded cold plate apparatus(l7), In this 
apparatus the bottom of the measuring vessel constitutes the cold plate, The 
measuring vessel is surrounded by a guard vessel.  The hot plate is kept at a 
desired uniform temperature by a circulating fluid. In this apparatus the boil- 
off rate of a cryogenic liquid from the measuring vessel is an indication of the 
heat flow through the sample. 
The use of a calibrated heat flow meter  is an alternative method €or 
measuring the heat input into the sample(18). However, calibration of the heat 
flow meter,  particularly at very low heat flow rates,  is difficult 
Because the measurement of the boil-off ra te  relies on calorimetric 
principles and the conditions of the cryogenic liquid can be closely controlled, 
we have given preference to this approach compared to the electrical heat 
input measurements in the design of an improved double-guarded cold-plate 
apparatus for measurement of thermal conductivity at liquid hydrogen tempera- 
tures * 
Figure 12 shows the design details of the apparatus, which consists 
of the following major components: a measuring vessel enclosed in a ring- 
shaped guard vessel, an outer guard jacket which can be filled with liquid 
nitrogen while the other vessels are filled with liquid hydrogen, a warm plate 
on which the sample is placed, and a sample chamber which allows for  control 
of the atmosphere and pressure  surrounding the sample separate from that of 
the bell jar enclosing the rest of the apparatus Figure 13 shows a photograph 
of the assembled apparatus 
The apparatus is designed to measure thermal conductivity of multi- 
layer insulations, powders, f ”  e r s ,  and foams having thermal conductivities 
as low as l o m 4  Btu-in,Jhr,-ft -F. 9 
Figure 14 shows the instrumentation which is required to carry out 
sensitive heat flow measurements a Because the measurement of heat flow 
relies on the measurement of the boil-off rate from the cryogenic fluid in the 
measuring vessel, the volume of gases boiled-of€ can either be measured with 
a gas flow meter o r  at very low rates, by collecting gases above a low vapor 
pressure  oil in a graduate. 
The apparatus was designed so that one side of the sample can be 
exposed over a range of discrete temperatures from 4 2 to 243 K depending on 
the boiling point of the specific fluid used. The other side of the sample can be 
exposed to a r a g e  sf t e q x r a t i i r e s  from 20 to 500 K by proper choice of fluids 
and automatic temperature control. The test sample in the form of a disc cai 
21 
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range in thickness from 0 to 2 inches, with diameters of up to 12 inches. The 
measuring section of the sample is 6 inches in diameter. The sample can be 
exposed to any desired gas pressure from Tor r  up to one atmosphere. In 
addition the test chamber can be filled with different gases while a test is in 
progress .  The sample thickness can be changed during a test by moving the 
hydraulically actuated warm plate Parallel alignment of the warm and cold 
plates and the thickness of the test sample can be checked during the test by 
three dial indicators within an accuracy of 0.001 inch 
progress,  mechanical pressure from 0 to 50 psi  can be applied to the sample by 
a hydraulically controlled and calibrated pressure  unit During a test, control 
can be exercised over the temperatures of the side walls of the sample chamber 
to control edge effects. A guard shield can be placed in thermal contact with a 
low temperature cryogenic cooled plate o r  heated by an electric heater should 
that be desirable. 
While the test is in 
Precautions have to be taken in the operation of the thermal conduc- 
tivity apparatus so that accurate and reproducible data are obtained 
has to be given to the following: 
Attention 
a. The measuring vessel should not be filled during a test, otherwise 
equilibrium conditions tend to be disturbed, Fo r  a typical good insulator the 
measuring vessel need not be filled for several  days 
samples several  hours will elapse before equilibrium can take place. 
Fo r  low-conductivity 
b ,  Stratification of the liquid at very low boil-off ra tes  may occur. 
To reduce the probability of this occurring copper wool has been introduced 
into the measuring vessel to provide better temperature equalization 
c. Close control over the pressure dif€erence in the measuring and 
guard vessels has to be maintained to prevent stray heat leaks between them e 
By controlling the pressure difference to about one millimeter of oil, as mea- 
sured by manometers connected to both the measuring and the guard vessels, 
the guard vessel can be arranged to be at a slightly higher temperature than the 
measuring vessel: thereby preventing boil-off gases f rom the measuring vessel 
from condensing on the walls of the guard vessel ,  
d ,  Changes in atmospheric pressure due to weather conditions during 
a test period are not infrequent and may lead to a corresponding change in the 
enthalpy of the cryogenic liquid. A correction factor can be applied to the data 
o r  a device installed to compensate for these changes by keeping a constant 
pressure  within the measuring and guard vessels 
e. The different heights of cryogenic liquids in the guard vessel and 
m-easuring vessel result in a slightly higher temperature in the guard vessel 
because of the increased head of liquid above the coid piaie. 
26 
f It is essential that the warm and cold plates are kept parallel 
throughout a tes t ;  otherwise the samples could be subjected to unequal com- 
pression resulting in a departure from the postulated one-dimensional heat flow 
conditions 
g .  It is not desirable to have the diameter of the sample coincide with 
the diameter of the measuring vessel and then surround it by a guard ring made 
out of the same sample material 
transferred through the small opening between the sample and the guard ring 
and then be trapped in the clearance space between the measuring and guard 
vessel, leading to an increase in boil-off ra tes  
Radiation f rom the warm plate could be 
h .  Because the sample is not infinite in extent the effect of edge 
losses has to be considered. The design of the sample chamber permits control 
over the temperature gradient of the surfaces viewed by the sample. In addi- 
tion, treatment of the sidewalls permits emittance to be controlled so that re- 
radiation o r  reflection from the warmer par ts  of the sample chamber can be 
reduced. In some experiments it is advantageous to know how exposed edges 
of the sample respond to various types of radiative heat inputs which can be 
provided by the aforementioned techniques e 
i o  Although the gas pressures in the bell jar and sample chamber 
are measured, no direct measurements can be made of the pressure existing 
within the sample + Thus, some uncertainty exists regarding the contribution 
of gas conduction to the overall heat transfer, particularly in those materials 
which a r e  known to have a finite vapor pressure.  
j The characterization of the sample with respect to physical 
properties, such as the emissivity, vapor pressure,  and internal structure is 
essential. Variation in any of these properties can lead to a difference in 
thermal conductivity between nearly identical samples 
The accuracy of the thermal conductivity apparatus can be established 
by two techniques: (1) The measuring vessel, guard vessel, and outer guard, 
as well as the warm plate, are filled with liquid nitrogen. If no stray heat 
leaks are present, the boil-off ra te  from the measuring vessel will be zero .  
(2) The apparatus is calibrated with an accurately measured electrical input to 
a heater placed in contact with the measuring vessel.  In this test all of the 
par t s  of the apparatus are kept at liquid nitrogen temperatures so that the heat 
evolved by the eletrical heater is the only heat source causing the boil-off in the 
measuring vessel e 
Figure 15 shows a typical curve fo r  calibration with the electric 
heater.  ‘lhe sensitivity of the qparatus is sufficient to permit the measure- 
ment of heat flows on the order of 0 I 1 Btu/hr * through the six-inch diameter 
IZIr thur D.71it tIe,Bnt. 
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FIGURE 15 RESULTS OF CALIBRATION TESTS OF LIQUID NITROGEN 
TEMPERATURE ON DOUBLE GUARDED COLD PLATE 
APPARATUS 
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measuring section. Its over-all accuracy is estimated to be +lo%. Table I1 
indicates the reproducibility of test  data. A typical test on multilayer insula- 
tions takes three to five days, depending upon test conditions - 
TABLE I1 
REPRODUCIBILITY OF TESTS WITH THERMAL CONDUCTIVITY APPARATUS 
Sample: Aluminum foil and fiberglass mesh 
Warm Plate Temperature: 40 F 
Cold Plate Temperature: -320 F 
Sample Density: 18 - 7  lb/ft3 
TEST #/ THICKNESS HEAT FLUX 
(in .) Btu 
hr-ftz 
1005d 0.278 0.32 
1006 0 -278 0.34 
1022b 0 293 0.38 
1005b 0 -390 0.28 
1022a 0.383 0.36 
THERMAL CONDUCTIVITY 
Btu - in 
hr-ft’-F 
0 00024 
0 -00026 
0.00028 
0 00033 
0 e 00035 
Brthur DD.Xitt1o,3nc. 
29 
V. EXPERIMENTAL RESULTS 
At this .time three double -guarded cold plate apparatus are in use for  
the measurement of the thermal conductivity of various thermal insulators at 
liquid hydrogen and liquid nitrogen temperatures Two units are located at the 
Lewis Research Laboratory in Cleveland, and one unit is located at the Arthur 
D.  Little Laboratory in Cambridge. The units in Cleveland have been in 
operation since May and August, 1962, while the unit in Cambridge has been 
operating since September, 1962 
variables affecting thermal conductivity is indicative of the program being 
followed in this work 
The following data obtained on a number of 
A.  TEMPERATURE 
Table 111 shows the influence of temperature on the thermal conduc- 
tivity of foam and multilayer insulations at liquid nitrogen and liquid hydrogen 
boundary conditions. In general, the thermal conductivity obtained at liquid 
hydrogen temperatures is slightly lower than that obtained at liquid nitrogen 
temperatures.  This decrease in thermal conductivity appears to be due to 
lower pressures  obtained in the sample because of more efficient cryopump- 
ing, as well as decrease in the solid conduction contribution with temperature.  
Figure 16 indicates a technique which can be used to  obtain a depend- 
ence of thermal conductivity on temperature during one test run. The figure 
shows a variation with mean temperature of the thermal conductivity of a glass 
wool sample as measured by a number of thermocouples imbedded in it. 
B, THICKNESS 
Table IV compares the influence of the thickness of the sample on 
thermal conductivity 
be due to a reduction in the radiation contribution to  the heat t ransfer .  One can 
conclude from this that for the measured thickness of foam and multi-layer 
insulations no major reduction in thermal conductivity will occur. In the case 
of the foam most of the radiation has already been absorbed. In the case of the 
multilayer insulation, the radiation contribution with increasing number of 
layers  decreases;  however, the solid conduction contribution increases at a 
grea te r  rate so that it is possible to find an optimum number of radiation shields 
for  a specific material combination.(19) Figure 17 illustrates this behavior. 
The slight decrease in thermal conductivity appears to 
The effect of mechanical pressure on the thickness and thereby on the 
heat flux through a sample of a multi-layer insulation is of considerable pracIica1 
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significance e An increase in mechanical pressure will cause the compression 
of the radiation shields and spacers into a thinner sandwich of higher density. 
The density, rather than the mechanical pressure,  is used as a variable in the 
results presented in Figure 18. The increase in heat flow through an insula- 
tion is proportional to the ratio of thermal conductivity t o  thickness 
doubling the conductivity and decreasing thickness by one-half leads to  a four- 
fold increase in heat flow. 
Thus, 
The aluminized and crinkled Mylar is very strongly dependent on 
mechanical pressure e Table V illustrates the results of compression on a 
sample consisting of 20 Mylar shields and indicates the hysteresis effect 
obtained by repeated compression, The density of the sample was calculated 
from the thickness, which was measured during the test in a fixture con- 
structed for this purpose 
C CONTACT RESISTANCE 
Table VI shows the results of tes ts  of the influence of contact resist - 
When the space around the sample ance between a surface and a foam sample 
was evacuated, the contact resistance between the sample and the surface in- 
creased t o  the extent that the heat flux decreased by a factor of four. Since 
the foam sample had approximately a 90 percent closed cell structure, the 
conductivity of the bulk of the foam appeared to be unaffected by the evacuation 
01 me gab oii :he x:side0 Thcc, t h e  increase in the resistance appears to be 
due to a removal of gas from broken cells near the surface. A s imilar  in- 
crease in contact resistance was observed on a second sample of foam when a 
thin evacuated gap was formed between the cold plate and the sample. 
I .  
D (I EMISSIVITY 
The effect of emissivity on the thermal conductivity of a multilayer 
sample can be illustrated by tes ts  made on an assembly of aluminized Mylar. 
In one sample the thermal conductivity was 0.001 Btu-in/hr-ft2-F 
sample was made up from a new shipment from the supplier, a thermal con- 
ductivity of 0 e 0004 Btu-m/hr-ft2 -F was measured - On checking with the sup - 
plier,  we learned that the aluminized coating in the sample with the higher 
thermal conductivity was near the border line of acceptable quality (electrical 
After a 
resistance of 7 ohms/cm 2 ) -  
In another tes t ,  aluminum foils in a sample were replaced by foils 
just received from the supplier. An  80 percent decrease in thermal conduc- 
tivity was obtained, indicating that either oxidation o r  a different treatment of 
the foil had resulted in a reduced emissivity and thereby a lower thellr;a! conductivity" 
2 r  thur ?ll.Xit tle, bnt. 
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TABLE V 
EFFECT OF COMPRESSION ON MYLAR FOILS 
A.  0.00025 inch 
crinkled Mylar, 
uncompressed 
B. Repeat Tests 
C. Repeat Tests 
Compressive Sample 
(lbs / i d )  (in .) 
Thickness -. Load 
0.000 1 .ooo 
0.006 0.500 
0.018 0.310 
0.054 0.180 
0.117 0.125 
0.017 0.142 
0 .OS4 0.080 
0.164 0.055 
0.185 0.044 
0.018 0.059 
0 .OS4 0.051 
0.164 0.047 
D. Repeat Tests 0.185 0.042 
(lbs/ft =!f ) 
0.44 
0.87 
1.39 
2.31 
3.46 
3 .OS 
5.42 
7.90 
9.87 
7.36 
8 S O  
9.22 
10.31 
2rthur D.’llittle,%nt. 
37 
h 
% 
2 
M 
Y 
In 
1 
\o 
b 
!-I 
0 
0 
m 
m 
N 
0 co 
N 
0 
In co 
m 
h 
3 
2 4 
M 
0 
W 
In ? 
W 
Ll 
PI c c 
VI 
03 03 
0 m co 9 
0 0 
0 0 
cu \o 
A cu 
9 cu 
2 
9 
0 0 
0 0 
In In 
# 
b 
VI w 
b 
cd 
CO 
4 
W FI a a, a a, c) u k E 
cd 
0 w 
E 
cd 
0 w 
E 
cd 
0 w 
!2 
0 
a, 
k 
3 
0 
a, 
!-l 
3 
a, 
9 
a, 
9 
a, 
9 (II 
(II rrc 
M 
4 2 
4 
a, 
k 
E 
cd 
0 w 
4 
0 
nl 
Zlr thur B.Pit tIe,?Jnt. 
38 
Since the contribution of radiation heat transfer is proportional to the emissiv- 
ity, ~ considerable quality control is required to assure  that reproducible 
emissivities are obtained, 
It is possible that radiation shields placed very close to each other 
may cause a substantial increase in the radiation heat transfer rate.  (20) This 
increase could be caused by the effect of constructive interference when the 
wave emitted by a foil is reflected back and forth in the small  gap between two 
foils. This can be of importance in the transmission of energy across  the gap 
when the spacing is very small  compared to the wavelength of the radiation, as 
may be occurring at cryogenic temperatures 
E .  GAS PRESSURE 
The influence of gas pressure on residual gas conduction is of con- 
siderable practical importance. Figure 19 illustrates the behavior of a multi- 
layer insulation as a function of gas pressure.  The insulating effectiveness of 
multi-layer insulations tends to decrease rapidly with increased gas pressures,  
so that a t  pressures  between 10 and 100 microns their thermal conductivity 
tends to be higher than for  an opacified evacuated powder. 
This dependence of thermal conductivity on residual gas conduction 
indicates that every effort has to be made to obtain a low pressure within the 
multi-layer insuiation, pariicuki-ly g t z r  rcaching space : If the low pressure 
existing in space is to be relied upon to assist in the evacuating of the multi- 
layer insulation, steps have to be taken so that the outgassing rate from the 
insulation surfaces, as well as gas diffusion from the tank due to very small  
leaks, can be accommodated. Consideration can be given to the geometrical 
arrangements of the foils such that they can enhance the pumping of the gas 
without reducing the effectiveness of the foils as a radiation shield. One such 
technique is to perforate the foil; however, the perforations have to be small  
enough so as not to lower the effective emissivity of the oil, since radiation 
can enter by the same path by which molecules leave, (215 Thus, 1 percent of 
perforation would cause an increase of emissivity from 0.05 for  the undisturbed 
foil to 0 -07, corresponding to a possible 40 percent increase in heat flow 
An analysis of gas conduction through multi-layer insulation shows 
that for  a typical assembly of 100 foils, the allowable diffusion rate from the 
liquid hydrogen fuel tank is about 1 pound of hydrogen pe r  year for  each 1000 
sq .  f t  of tank surface assuming 1% perforation This would correspond to a 
maximum pressure of about lop4  Torr within the insulated space when exposed 
to space vacumm. This pressure would not tend to lower the insulating effec- 
tivcness zppreci2bly. Howeverp this diffusion rate on the ground could not be 
easily removed by a vacuum pump connected to an insulation system and couia 
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R.M.  Christiansen. M .  Hollingsworth. J r . ,  and H . N .  Marsh, J r . ,  "Low 
Tempe ra tu re I ns 11 1 a I i n g  Systems " 
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lead to a pressure rise of undesirable proportions. Therefore, more stringent 
criteria for diffusion rates would have to be used to assure that pressure would 
not rise above a maximum value consistent with desired insulating effectiveness. 
, 
(atthur b.Pittle,3Jnt. 
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VI. REOUIREMENTS FOR APPLICATION OF MIJLTILAY ER INSULATION 
TO LIQUID HYDROGEN TANKS 
After examining the data on thermal conductivity of multi-layer 
insulations, it is not surprising that the impression is gained that an adequate 
solution is near  a t  hand for  overcoming the insulation problems of large liquid 
hydrogen tanks for  space vehicles. We can conclude from available data that 
multi-layer insulations of quite reasonable thickness will be adequate to reduce 
the boil-off losses to acceptable proportions 
of such high effectiveness are capable of meeting the objectives of long-term 
space missions 
applied only to ground-based, double-walled storage vessels and no large 
insulated cryogenic tanks have yet undergone the rigors of space flight 
In fact, only insulation systems 
Howevero multi-layer insulations have been successfully 
In the following discussion, the design parameters influencing the 
selection of insulations and their application to a tank are reviewed and areas 
where design problems still remain unsolved are pointed out e 
A DESIGN PARAMETERS 
Prior to the selection of a suitable insulation system, several  design 
parameters have to be established: 
1 Heat Balance For  Liquid Propellant Storage Systems 
The heat balance will be influenced by- W) 
a. The radiative heat input f rom the sun and other solar system 
bodies. This input will depend upon the degree of orientation of the vehicle. 
In many cases,  controlled orientation can materially simplify the thermal 
insulation problem 
b. Radiative heat inputs from other portions of the vehicle. These 
inputs can be minimized by judicious placement of liquid-oxygen tanks to shield 
liquid-hydrogen tanks from the engine 
c Conductive heat inputs through pipes and supports If the insul- 
ating effectiveness of the multiple-foil insulation is not to be offset, these heat 
inputs must remain a small percentage of the over-all heat flow into the tank. 
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d Radiative heat losses to space The outside surface coating 
should accept as little radiation as possible while radiating strongly to the 
surroundings 
2 .  Methods Used For  The Storage Of Liquid ProDellants 
Three principal methods can be identified Liquid propellants can be 
stored in: 
a.  A vented tank, 
b .  A nonvented tank with a variable pressure,  o r  
c A refrigerated tank in combination with the above 
The specific method chosen will have an influence on the thermal 
stratification and condition of the liquid hydrogen during both ground standby 
and space flight The approach selected may also influence the tank shape, 
e .g . ,  in a nonvented, variable-pressure tank, an increase in pressure may 
lead to a change in the shape of the vessel. Analysis has shown(') that a 
definite advantage exists in supplying refrigeration for  a number of mission 
profiles of interest because it eliminates boil-off losses and reduces the 
thickness of insulation required (See Figure 1 ) 
3 - Meteoroid Protections 
Based on our present understanding of the hazards to large liquid 
propellant tanks by meteoroid impact, i t  appears that an effective meteoroid 
bumper has to be provided as a means of assuring the survival of the tank in 
space during extended missions. This bumper which may be erected after the 
vehicle has left the earth's atmosphere could perform an additional thermal 
protection function by having its surfaces coated so as to minimize radiant 
heating by outside sources 
4 Production Consideration 
Large liquid hydrogen tanks will undergo a number of certification 
tests,  static firing tests,  and inspection tests, all involving transportation and 
handling by a variety of means before erection at the launch site.  These condi- 
tions impose practical limits on the type of thermal protection systems selected, 
f r e ~  the p i n t  of view of sensitivity to damage, ease of repair ,  maintenance 
under field conditions, and compatibility with inspection proceduies 
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Among these inspection procedures leak detection of the complete 
tank structure at various points of tests and at the launch site is of great im- 
portance. The thermal protection system has to be compatible with procedures 
for  leak detection, as any undetected leakage into the protection system can 
nullify i ts  insulating effectiveness under space conditions o r  even create 
explosion hazards 
B, METHODS OF INSTALLATION 
Once a heat -transfer analysis and optimization procedure has been 
carr ied out, and the thermal insulation system has been characterized as to 
the number and type of foils, the type of spacer, the over-all density require- 
ments, and the thermal conductivity of selected thermal insulation systems has 
been measured, installation techniques can be investigated 
The following typical installation techniques can be used as examples 
(See Figure 20): 
1, 
2 .  
3 .  
4. 
5. 
6. 
Straight wrap, with alternate layers arranged to cover joints 
formed by the previous layer,  
Spiral wrap, which can be more easily adapted to curved geo- 
metries 
The shingle assembly in which preassembled layers are armiiged 
to overlap at the joints. 
Segmented layers, which can be more easily applied over 
hemispherical ends 
The successive skir t  wrap 
The orange peel wrap, which is particularly suited for  spherical 
tanks 0 
Once a form of application has been selected, based on tank size and 
material  and fabrication considerations, the insulation has to be designed to stay 
in place in spite of aerodynamic and vibration forces without sacrificing insula- 
tion performance. The most obvious method for  achieving this would be to 
wrap the foils tight enough so that the frictional forces would be sufficient to 
withstand the applied forces 
to considerably higher thermal conductivity 
solution has been suggested involving the use of bands which can provide a 
controlled degree of compression sufficient to wil i ; is tzd 83 zxid force: e g 
However, compression of the insulation can lead 
(See Figure 18 .) A compromise 
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compression to  withstand 4g resulted in a 27% increase in heat flux. (23) 
larger diameter tanks may not permit this approach to  be used. Another means 
would be to provide attachments designed to  penetrate the insulation without in- 
creasing the over-all heat flux appreciably. 
The 
The particular method of application may be further influenced by the 
following considerations : 
1 The insulation, when applied to a warm tank, will have to 
accommodate thermal contraction when the tank is filled, and, conversely, in a 
tank used for  nonvented storage, insulation will have to accommodate expansion 
due to an increase in gas pressure.  In a sense, the insulation has to be capable 
of breathing with the tank without opening up joints and seams o r  suffering 
deterioration. 
2 .  Ground standby conditions may require that the insulated space 
be ventilated with a noncondensing gas to prevent condensation of air and other 
vapors. Provisions have to be made allowing this gas to escape from within 
the insulation as the vehicle leaves the earth 's  atmosphere. Two conditions 
have to be met: (a) the gas has to escape at  a sufficient velocity but without 
causing pressure differentials which could lead to rupture of the foil insulation 
and (b) the thermal conductivity of the multifoil insulation must be reduced to 
the desirable low values in the shortest possible time by using the external 
space vacuum for  pumping. 
3 The temperatures generated by aerodynamic heating on the out- 
side of the insulation system require that suitable materials be employed as a 
means of forestalling a serious deterioration in the desirable emissive 
properties of the outside coatings o r  a marked deterioration in the strength of 
the outside layers of the insulation making them incapable of withstanding 
aerodynamic forces,  Thus, it  is necessary to select and to install materials 
with desirable strength characteristics and physical properties for  the specific 
temperature range 
C. CONDUCTIVE HEAT LEAKS A T  DISCONTINIJITIES DUE TO JOINTS, 
SUPPORTS, AND PIPING ATTACHMENTS 
Once the basic requirements for the payload and the weight of the 
cryogenic propellants to complete specific missions are known, the insulating 
effectiveness of the thermal protection system and the  maximum allowable heat 
leak through discontinuitics caused by joints, supports, and piping attachments 
can be specified. As a rough design guide, no more than 30 percent of the total 
heat it& iiiio t!\e tmk shwlri be caused by such discontinuities. Heat leaks that 
are higher would tend to nullify the effectiveness of the insulation and iiiight n ~ t  
warrant the applicatioii of multi -layer insulation 
2rth ur .?lit tle.Bnc. 
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Analyses have been carried out on the heat leaks due to insulation 
penetrations and discontinuities e(24) These can be classified as: 
a. Weak rhermal shorts where a linearized radiation boundary con- 
dition can be applied with an acceptable accuracy, e * g o  ? where the surface 
temperature is within 10% of the adiabatic wall temperature. 
b ,  Strong thermal shorts when the depression of the temperature at 
the outer surface of a foil is such that the boundary condition is no longer linear, 
and 
c. Absolute thermal shorts where the penetration is so highly con- 
ductive that the tank wall and the outside surface of the short  are nearly at the 
same temperature 
Conductive heat leaks a r e  of particular concern after the space 
vehicle has left the earth's atmosphere and is subject to the various radiative 
heat inputs from the sun and other solar system bodies. 
1 Weak Thermal Shorts 
Multi-layer insulations can be used with materials such as Teflon to 
meet structural requirements and to satisfy the weak thermal short condition 
Steel o r  other separators would not faii hito thc zategzry of weak thermal shorts 
unless insulator could be installed between the multilayers and the penetration 
In the case of aluminized Mylar weak thermal shorts could be obtained for  rea- 
sonable thicknesses of very poor conducting structural  materials when the thick- 
ness  of the Mylar assembly is greater than one inch. Figure 21 shows the 
maximum widths of various materials penetrating multilayer insulations when 
the weak thermal short approximation is applicable. 
The design of the thermal protection system even with weak thermal 
shorts may have to be modified so that the over-all heat leak is within permis- 
sible limits e To illustrate this point a cylindrical tank 10 feet in diameter and 
20 feet long will contain about five thousand pounds of liquid hydrogen and its 
cylindrical surface area would be 628 sq  f t  If there are two 10-mil plastic 
dividing s t r ips  around this tank, then it can be shown that the heat leak through 
these s t r ips  would be equivalent to that of 520 s q ,  f t .  of insulation. Therefore, 
the over-all heat leak would be increased by more than 80 percent 
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2 .  Strong Thermal Shorts 
Because heat leaks associated with strong thermal shorts are greater 
than would occur from weak thermal shorts, it is evident that strong shorts 
have to be avoided or if unavoidable the design has to be arranged so that they 
can be converted to weak thermal shorts ,  
The approach in reducing the heat leak due to a strong thermal short 
is to separate them from the ends of the multilayer insulation, thus bringing 
them into the range of weak thermal shorts. Examples of the approach that 
can be followed to decrease the effect of a strong thermal short  are shown in 
Figure 22. This figure shows the following: 
a. A strip of evacuated insulation (fibers o r  foam) separating multi- 
layer insulation from a thermal short .  
b. A square section of evacuated insulation placed in a comer to 
protect the foils in one direction from being shorted by those in the other direc- 
tion when the radiant flux impinges equally on both surfaces of the insulation. 
c. A square sectlon of evacuated insulation the upper side of which 
is kept adiabatic to protect a. joint between a tank wall and a large pipe o r  be- 
tween a tank wall and a structural support with negligible heat flow from the warm 
end to which tnese eieiileiita ;.,.ea!d be cnnnected . 
d.  A square section of evacuated insulation provided with a protec- 
tive radiation shield, the upper side of which receives the same radiant flux as 
does the multi -layer insulation. 
Calculations have shown that for a surface temperature of 300K and a 
liquid temperature of 20k, the heat leak due to  the presence of a one-foot length 
of evacuated insulation is equivalent to from 0.5 to 1 . 5  sq f t  of undisturbed multi 
layer  insulation. 
Based on these considerations it can be seen that joints, supports, and 
piping attachments have to be given considerable attention and special design 
techniques have to be employed so that the heat leak can be kept to acceptable 
proportions. 
3. Methods of Tank SUDDOrt 
When t h e  hydrogen - tank is to be placed inside a shroud, the support 
methods shown in Figure 23 can be employed. 'The supports ;rrc zrrz!ged in 
such a manner that loads in several  axial directions can be accommodated. The 
21r thur D.2it tIo,Bnc. 
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external cradle support requires that the insulation be under a compressive 
load during acceleration of the vehicle, However, a system of springs can be 
arranged to lift this compressive load once zero gravity conditions have been 
achieved. Rod supports o r  cables can be anchored outside the tanks with 
connection to re-entrant pipes e 
Stainless steel washers dusted with insulating powders have been 
found to give excellent performance in the support of heavy loads (25) Such 
washers are primarily designed to withstand compressive loads, although they 
can be formed to take limited radial loads (See Figure 23 .) Passing tension 
members through the washers can provide additional structural rigidity 
limited amount of work has been done in using ceramic bearings to take radial 
and axial thrust The object here  is to minimize the heat flow across  the con- 
tact area between the ball and the bearing surface by minimizing thermal 
conductivity and maximizing the modulus of elasticity 
A 
D, LAUNCH ENVIRONMENTAL INFLUENCES 
Although the design of the thermal protection system is primarily 
directed towards meeting the space-flight portion of the mission, the design 
will be greatly influenced by the ground-standby and boost-phase portions of 
the mission 
problems, it is of interest to consider them in detail. 
Because these phases may control the practical application 
1 Ground Standby 
To allow for  the delay time which can be expected while the fueled 
vehicle is kept on the launch pad, insulation has to be adequate to reduce the 
magnitude of boil-off losses.  The following approaches can be used to achieve 
this: 
a .  An outside jacket is provided, which permits the insulation to be 
evacuated on the ground by cryopumping after the insulation has been flushed 
with an easily condensible gas such as C02 to exclude residual hydrogen in the 
air. Because the weight of a rigid shell capable of withstanding atmospheric 
loads would be prohibitive, a light-weight jacket which encloses the insulation 
can be considered. (See Figure 24a.) This jacket can be designed to be com- 
pletely flexible and gas tight It would be used in conjunction with a tank en- 
closed by a shroud capable of withstanding aerodynamic forces,  In this case 
the insulation is compressed by atmospheric pressure,  which disappears when 
high altitudes are reached The compressed insulation, although suffering a 
culiaidciciuie - -- -- ---I-.’ d,,,, -+--inrotinn lvlu i n  _ _ _ insiilating _ _ _ _  _ _  effectiveness, (see Figure 18) would 
reduce the boil-off losses to manageable proportions. A layer of foam next 
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to the tank could further reduce these losses and could provide a safety factor 
in case hydrogen should leak into the insulated space. At high altitudes, the 
insulation can regain almost all of its high insulating effectiveness if it is not 
subject to hysteresis effects. 
Although this scheme is an attractive one, care  has to be taken to 
achieve tight seals at  the many projections caused by supports and piping 
attachments. 
b. An alternative approach to evacuating insulation on the ground is 
to provide a light-weight rigid insulating cover capable of supporting limited 
compressive forces and permitting the insulated space to be filled with helium 
at a slight overpressure (See Figure 24b). The helium prevents air o r  water 
vapor from condensing and freezing in the insulation next to the liquid-hydro- 
gen tank. The presence of liquid air, in addition to providing a LOX com- 
patibility hazard, would cause the insulating effectiveness to deteriorate and, 
boost phase. The cover would aid in preventing damage to the insulation and 
would be capable of withstanding aerodynamic forces and boost heating condi- 
tions. In addition, the multilayer insulation would not be exposed to mechanical 
loads because any applied loads could be transmitted to the tank wall by load- 
carrying, low -conductivity spacers.  
-.-A- upull ubrllg Lninrr hngtprl L.-uLc-.u, r m l d  _ _ _ _ _  lead to the formation of explosive gases during the 
c .  The alternative to having a flexible shell is an arrangement of 
clam shells which make a tight sed with the tank. (See Figwe 24c.) -4t the 
time of the launch, the vacuum is broken and the clam shells are removed. 
Because of the large size of most tanks, the need to have connections made to 
the tank during the ground standby period, and the complexity involved in 
arranging for removable clam shells, this approach is not recommended. 
2. Boost Phase 
Depending upon the trajectory, the aerodynamic heating during the 
boost phase may reach as high as 800' F on the sides of the vehicle. Although 
this heating effect occurs only for a short time, it can have the following con- 
sequences : 
a. The surface layers of the insulation system could be materially 
degraded because of lack of strength at the high temperatures and the action of 
aerodynamic forces during this period. 
b. The heat applied could penetrate into the insulation system, depend- 
ing upon Che system's diffusbrity a d  heat capacity, and thus be responsible for 
boil-off losses even after the vehicle has  successfully withstood the boost phase. 
1 .  
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It is, therefore, desirable to use materials which (a) can withstand 
such temperatures without deterioration and are capable of having a coating 
with a lowa/c applied to them which can effectively radiate to the surroundings 
o r  (b) can act as effective ablators without a sacrifice in strength properties.  
The buffeting forces set up during the boost phase by aerodynamic 
loads may excite various oscillating frequencies in the tank. The action of 
these forces on the tank walls will have to be established so that the insulation 
system can be designed to withstand these forces without suffering major 
damage. It may be useful to arrange f o r  a portion of the insulation system to 
be jettisoned after the buffeting has subsided, so as to minimize the weight 
penalty. 
E. LEAK DETECTION TECHNIQUES 
Liquid hydrogen, because of i ts  low viscosities, is capable of flows 
through tiny cracks and imperfections. Because of the difficulties of predicting 
the location, size, and frequency of leaks, sufficient quantities of liquid hydro- 
gen could escape to lead to: (a) failure of the tank structure, (b) failure of the 
thermal insulation, (c) intolerable deterioration of the insulating effectiveness 
of the multi-layer insulator, o r  (d) an explosion hazard. 
The liquid hydrogen tank can be treated as if it were a vacuum-type 
vessel and it can be subjecieri iu tiie tests xhizh arc common practice in 
vacuum techniques. Such a procedure can greatly enhance the reliability of 
the system and permit more accurate predictions of thermal protection system 
performance. (26) 
Flaw and leak detection methods, such as ultra-sonic testing, x-ray 
radiography and helium mass spectrometry, are standard procedures in vacuum 
technology. The helium mass  spectrometer, in particular, should be used to 
test components, sub-assemblies, and final assembly welds at various stages 
of the construction process to assure  maximum reliability. 
Cold leak testing of critical par ts  at either liquid nitrogen o r  liquid 
hydrogen temperatures is highly recommended because leaks which cannot be 
detected while the tank is warm tend to become apparent after the tank has 
been cooled. 
Attention will have to be given to the leak detection procedure after 
the thermal protection system has been installed, so that any leaks which may 
occur during static-firing tests o r  final assembly at the launch site can be 
detected. The sensitivity of the helium mass  spectrometer is sufficient to 
indicate whether thermal protection performance will be impaired by the 
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presence of a leak. Careful consideration has to be given to methods of apply- 
ing the helium mass spectrometer so as to check large areas of the tank sur -  
face in a reasonable time consistent with conditions prevailing during pre-flight 
checkout. 
The design of the thermal protection system has to be such as to per -  
mit the location and repair  of a leak after one has been indicated. If careful 
attention is not paid to leak detection, the high insulating effectiveness of multi- 
layer insulations may be compromised to such a degree that the insulation can 
no longer perform its function. 
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VII. CONCLUSIONS 
The developments carr ied out in the field of thermal protection 
systems using various material combinations suitable for multilayer in- 
sulations show sufficient progress to  make their use for large cryogenic 
tanks for extended space missions attractive. Many of the missions now 
contemplated can be achieved only if the high insulation effectiveness meas- 
ured in the laboratory can be maintained after the thermal protection system 
has been installed on a tank and subjected to  the various phases of space flight. 
Before thermal protection systems can be routinely applied to cryo- 
genic tanks, further development is necessary. 
progress, system design can be more clearly established and the additional 
efforts required in the various branches of science and technology better de- 
fined to meet the objectives of the future space-flight missions. 
Based on work already in 
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